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REFliSCn  OH  or  SDDDIS  CHAHOIS  U  DIKSITT  7ROM  TBX  ;JC1S  OF  STSPrE-BT 

>>y 

D.  A.  Mel'nikov 


The  flow  of  a  eupereonlc  axially  s/Tiwetrlcal  etre  jd  from  a  nozzle, 
wl^h  preeeure  in  the  etrean  greater  or  Ips  than  the  preezure  in  the 
BUrroundlng  medium,  ia  accompanied  by  the  formation  of  JvunpB  of  con- 
deneation. which  are  reflected  from  the  axle  of  symmetry.  The  existing 
methods  enable  one  'o  compute  the  flow  in  such  i  stream,  with  the  excep¬ 
tion  of  the  area  of  the  reflection  of  the  Jumps  la  condensation  from  the 
axle.  Below  there  is  etated  the  problem  with  its  solution  obt-'ilned  for 
the  flow  of  a  gae  in  the  region  of  the  reflection  of  an  incident  Jump 
in  condensation  from  the  axis  of  symmetry  and  the  formation  of  a  .central 
Jump  In  condensation  converting  a  supersonic  flow  into  r.  eubeor.lc  one. 
The  accepted  system  of  flow  has  been  confirmed  by  experiment.  There  is 
shown  the  possibility  of  reflecting  an  incident  Jump  in  condensation 
from  the  axis  of  symmetry  without  the  formation  of  a  subsonic  flow. 

1.  Let  us  tak*  as  one  of  the  possible  systems  of  flow  of  a  gas  in  the 
region  of  reflection  from  the  axle  of  synr.ctry  of  an  incident  Jump  in  con¬ 
densation  the  following  one.  Close  to  the  nozzle  the  Incident  Jump  is 
split  into  two  Jumps  in  condensation  (Fig.  1).  The  first  reflected  Jump 
in  condensation  KH  goes  InJ**  direction  from  the" avis"  ef  "symetyji^' 
cond,  the  central  Jiiop  in  condensation  17,  converts  the  supersonic  flow  near 
the  axis  into  a  subsonic  one.  From  the  3X>int  of  splitting  (in  Fig.  1, 
point  point  K)  there  goes  the  line  of  flow  ICL,  which  proves  to  be  the  sur¬ 
face  of  a  tangential  break.  The  subsonic  flow  back  of  the  central  Jump  in 

conriensatlon  Is  rapidly  accelerated  and  becomes  supersonic,  1.  e. ,  the  area 
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of  subaonlc  flow  prorea  to  b«  closed  Isaido  the  aupertonlc  flow. 


The  flow 


behlr.d  the  reflected!  Junp  In  conden¬ 
sation  In  the  general  case  can  be  cob- 
pletely  auT'ereonlc  or  portlalljr  aub- 
conlc. 

Let  UB  8ee)c  a  tolutltn  deterrln- 
ing  the  Bubeonlc  flow  behind  the  cen¬ 
tral  Jiusp. 

Let  un  Introduce  the  dlBenfclonleee  p-irMneters  u,  t,  the  componenta  of 
the  rector  of  velocity  V  *  Y  “2  V2  referred  to  the  naxlnmn  velocity  In 
the  cylindrical  ayaten  of  coordinates-  z,  r  with  the  beginning  of  the  coordln- 
f-tee  T  z  0.  which  runs  through  {Fig.  1)  the  point  T.  p  and  p  are  the  preeaure 
f.nd  denelty,  referred  to  the  preeture  and  density  of  the  retarded  flow  K  be¬ 
fore  the  Jujnpfi  in  condenaatlon.  It  la  the  Index  of  the  adiabatic  cuiTre,  Let 
1(0  uoe  the  basic  equations  of  an  ide*<l  gaat 


•Fig.  1 


ax 


Vr  -+*  “21“  7 

v*  +  p/p=  1 


a  (rt»B)  0  (rpp)  ^  Q 
d:  ar 


0 


a.i) 

(1.2) 

(1.3) 


■The  preeaure  p  and  the  angle  f  betwee  n  the  vector  of  velocity  nod  the 
positive  direction  of  the  axle  e  we  will  cwnelder  aa  the  unknown  functions 
of  7  and  r.  Let  ua  Introduce  into  the  consideration  alao  the  entropy 
function<p=  p  /  p\  -r-he  equation "(1.1 )  we  convert  to  the  form 

i['(l»’-^/')]+t!g!7.>-0  (l.A) 

Let  UB  solve  the  probleo  by  the  method  Integral  relatlonshipa  (see,  for 
ex.  mple,  In  the  general  caa-  we  divide  the  subsonic  flow  between 

t  h(  ixla  of  oyirmetry  am  the  line  of  the  flow  running  through  the  point  K 
onto  the  band  N  by  equldlatant  llnec.  The  first  line  colncldea  with  the 


(yi€»  1)  with  the  line  of  flow  XL  Tjrot-eedlng  fron  the  point  X.  The  *ero 
line  1b  the  axis  of  syBunetry.  Let  ub  derive  a  formulH  with  H  =  1. 

Let  T]  =-  ri(*)  he  the  equation  of  the  line  of  the  flow  XL.  Let  u,  in¬ 
tegrate  the  equatlonit  (1.?)  and  (l.U)  hy  r  from  r  =  0  to  r  x  rpC*).  In  the 
integralo  obtained  we  will  approximate  the  eublntegr;*!  functlone  according 
to  r  through  their  values  with  r  r  0  and  r  =  rjte).  After  the  converelonB 
to  the  varlableo  p,  0,  and  qp ,  taking  Into  conelderatlon  that 


</<ii  „ 

IT  = 


ll.Ua) 


from  the  Integrated  equatlone  (1.3)  and  (1.4)  we  will  get 

^  =  {2rp,V,*  sin  0,  (2  ros  0,  -  -gi-  +  2  Ig  0,  [-^  (p,  -  p.)  + 

+  2p,l',‘cosO,(-^  —  cosO,]j|2r,j^^^cosO,[cosO,—-^]  + 

+  (l  —  2  cos*  0,  + -^  cos  0, jj|  ’ 

^  .  [2,, I.  {*-§1  ^  -  Jig!)  +  2r,.,V.V..i.  - 

r-  2  >B  «.  (P.>V  +  2p.l',l'.  t>»  (t^  - 

We  win  make  uoe  aleo  of  the  equation  of  the  line  of  flow  paoelng  through 
the  point  Kj 

dr,/*  =  tg  9, 

(1.7) 


(1.5) 


(1.6) 


The  Bubocrlptc  1  ond  0  refer  to  the  parameteri  on  the  first  and  lero 
lines  of  flow. 

Still  one  more  equation  can  he  obtained  fron  the  boundary  conditions  on 
the  line  of  flow  paselng  through  the  point  X  and  forming  the  surface  ctf  the 
tangential  break.  'Lot  ua  consider  tlat  with  r>ri(B)  the  flow  is  complete¬ 
ly  BUT.ersonlc.  !,et  ue  write  the  equation  which  connects  p  and  0  along  the 
characteristic  II  of  the  famllyi 


til)  -4-  ,  dr  sinO^sinii,  *in2p, 

‘‘Pr  r  sill  (0^  -  ,1^)  +  2*T*rU  ^ Tc  0 

Here  fi  Is  Hach's  angle.  The  subscript  c  relates  to  the  stioersonlc 
flow  with  r2:vrj(*). 
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Th«  •jratcB  of  cquatlono  (1.5)-'(1.U}  dotensinec  the  u&)cnown  functlona 
Po^*)»  Oi(«),  Bnd  r^C*).  The  Initial  paranetere  with  the  cuhicrlpt 

1  with  *  =  0  for  integrating  the  eyetni  of  eqviatlonii  are  determined  If  one 
JcnowB  the  point  of  epllttlng  K  on  the  incident  Jump  in  Inteneity.  Fron  the 
condition  of  eyBiinetry  the  central  Juav,  on  the  axis  at  the  point  P  will  be  a 
straight  Jump  In  intensity.  Therefore  the  initial  p.rameters  wl’h  the  sub- 
ccript  0  are  known  If  one  knows  the  coordinate  nf  the  point  P,  The  tbI- 
ue  dOj/dz  which  enters  into  the  equations  (1.5)  and  (1.6)  remains  unknown 
with  z  r  0.  Let  us  write  the  eqtiatlons  (1.1)  and  (1.3)  In  the  system  of 
curved-line  coordinates  s,  n  {Fig.  1): 


ae 

d$ 


p  k  —  1  d\np 

7v7  2i  dn 


/*— * 

din  p  "In S 

—  » 

\  2*  pIV 

k  I 

d#  r 

11.9) 

(1.10) 

Here^  s  is  taken  to  be  along  and  in  the  direction  of  the  lines  of  flow, 

find  n  nlcng  the  normal  to  them.  The  direction  of  th*  coordinate  n  Is  chosen 

in  such  a  way  that  the  mutually  perpendicular  directions  n  and  s  coincide  with 

the  direction  r  and  z,  reepectiTely,  with  a  turn  at  the  angle  0.  The  dlffer- 

entlale  dn  and  ds  can  be  connected  with  the  element  dl  of  the  central  Jump 

(Fig.  1);  </n  =  «// ros  (t  —  0)  =  /?cos(‘)'  —  0)d'j' 

dx  =>  —  d/niii  (p  —  0)  —  /(sin  (y  —  V)d‘(  (1.11) 

Here  R  is  the  radius  of  the  curveture  of  the  central  Jump  in  density  and 
Y  1g  the  angle  between  the  normal  to  the  centr.'il  Jump  and  the  positive  di¬ 
rection  of  the  axis  s. 

Let  us  introduce  into  the  consideration  the  obvious  relationships 


—  ^  ^  ^ 
rfT  dl  dx  '  dn  dx  ’ 


din  p  _  Sln^  dt  I  Sin  p  dn 


(1.12) 


rfy  dl  dx  dn  i/y 

From  the  system  of  equations  (1.9)— (1.32)  let  us  estahllsh  the  depen¬ 
dence  between  d  In  p  /  do  and  86  /  ds  and  we  will  definitely  get  the  sup- 
nlemt-ntary  equation  for  determining  dOj^/dt  with  s  =  0: 


"‘-6?_17m5/i  I  2 


U 


(1.13) 


I  «  in  ^  ^  W  r  **•  •»  - 


-3^  siia  0,  cos  (t,  —  0,)  cos 


rfinp, 

rfr 

\  2* 

r  2* 

pjiV 

L*-i 

/>! 

co9(T,  —  0.) 


cos(t,— 0,)]. 

M, 


The  product!  iB/dj  wxd  d  In  p/dj  are  determined  from  the  relu* lon^hlpo 
for  the  ohllque  Jump  in  density  taking  Into  ccnslderatlon  the  variability 
of  the  gaa-dyoFonlc  parFunetere  before  the  centriJ.  Jimp  in  density.  The  equa>- 
tlont  (1.5)  ■'uid  (I.I3)  determine  the  Thlues  ^pi/dz  -md  dOj/dz  with  s  c  0. 

from  the  lyetem  of  equations  (1.9) — (1.1^)  let  us  expreae  also  the  ra¬ 
dii  of  the  curvature  of  the  central  Juapt 
at  the  point  K  with  t  s  0 

(— r  j^Pi>’i’co8(Ti— 0,)-^j  (1.1(») 

at  the  point  P  with  1  r 

The  equations  (1,5)  (1.6}  determine  the  values  dp^/ds  and  dpg/ds 

by  expressions  which  represent  a  fraction.  The  denominator  of  the  expree- 
sion  (1.6)  becomes  a  tero  at  the  special  point  where  the  velocity  Tq  is 
equal  to  the  velocity  of  sound.  The  denominator  of  tho  expreeeiosi  (1.5}'aleo 
becomes  sere  at  a  speoial  point  close  tO  the  velocity  Tj ,  equsd  to  the*  ve¬ 
locity  of  sound.  Consequently  in  order  that  there  be  a  continuous  aeetlon 
close  to  the  sonic  line  It  is  necesssry  that  the  numerators  of  the  equations 
(1.5)  and  (1.6)  become  sero  where  the  denominators  are  equal  to  lero.  From 
these  two  ccndltions  at  the  special  points  of  the  equations  (1.5)  and  (1.6) 
it  is  necessary  to  determine  the  positions  of^the  .^ints  I  and  P,  1.  e. , 
with  B  r  0  nnd  Sp  with  r  r  0. 

2.  The  experiment  s  were  performed  on  four  axially  symmetrical  nosslee. 

Two  nossles  with  a  radius  of  the  ezhauet  r^  s  60  mm  had  a  uniform  field  of  ve¬ 
locities  Bt  the  exhaust  with  the  figures  M  s  2.6  and  3.2.  Two  other  not- 
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ties  had  a  nonunlfom  field  of  ▼elocltiee  at  the  exhaust.  The  contours  of 
the  latter  nozzles  were  obtained  by  trimn’ing  the  equalizing  area  of  the 
nozzles  which  hare  a  uniform  field  at  the  exhaust  with  the  figures  K  =  2.67 
and  3*37 t  in  such  a  way  that .the  field  of  Telocities  was  uniform  cutoff, 
not  on  the  whol.e  exhaust  radius,  but  on  the  area  0.51  Tg  with  the  Taiue  M  -  2 
and  on  the  area  0.h6  Tq  with  M  =  3*37.  =  30.57  -nd  hi, 55  mm  with  the 

values  M  =  2.67  and  3.37t  respectively. 

There  were  obtained  shadow  pho¬ 
tographs  of  the  flow  into  the  atmos¬ 
phere  of  the  supersonic  axial] y  sym¬ 
metrical  air  streams.  Investigation 
was  made  of  the  reflection  from  the 


axis  of  symmetry  of  the  Incident  Jump 

GRAPHIC  HOI  REPRODUCABLB 

passing  from  the  exhaust  of  the  nozzle  with  a.  pressure  in  the  stream  of  less 
than  the  atmospheric.  The  region  of  the  reflection  from  the  axis  of  this  in¬ 
cident  Jump  turned  out  to  be  in  all  the  investigated  nozzles  in  the  rhombus 
of  uniform  velocity.  Therefore  from  here  on  we  will  characterize  the  in¬ 
vestigated  nozzlSB  by  the  figures  of  M  in  the  uniform  velocity.  The  pres¬ 
sure  of  the  retardation  p,,  before  the  nozzle  changed  within  a  broad  range. 

As  an  example  there  are  presented  in  Fig.  2  shadow  photographs  cf  the 
reflection  of  the  incident  Jump  in  density  from  the  axis  of  symmetry,  (a) 
with  M  =  2.67  and  pg  =  10.9  <  P®*  and  (b)  with  H  =  3.2  and  pg  =  35. 1  >  3^. 

On  the  photographs  of  the  reflection  6f  the  incident  Jump  in  the  noz¬ 
zles  with  uniform  and  nonuniform  fields  of  velocities  at  the  exhaust  one 
does  not  see  the  central  jump  in  density  in  some  range  of  pressure  Pc  •<  Pp 
(Fig.  2  b).  The  computed  pressure  p^  was  determined  from  the  condition 
that  the  pressure  on  the  surface  of  the  nozzle  in  the  exhaust  section  was 
equal  to  the  atmospheric.  Let  us  designate  the  minimum  pressure  pg  at 
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w^lch  fere  occure  the  reflection  of  the  Jump  from  the  axl*  without  the  form¬ 
ation  of  a  central  Jump  through  p».  xr.e  experimental  vnluei  of  the  -oree- 
Buree  P^®  and  p®*referred  to  the  atmotpherlc  for  the  teatcd  nozilet  are  giren 


in  Taltie  1. 

M  nuB-  p®  p®*  p*  fiemarke 


Table  1 


Nozzles  witr.  uniform  field  of  Telocltles 
Nozzles  with  nonunlform  field  of  velocitieB 

On  the  shadow  photogrrinhs  with  p*t^  Pc  <  Pn  seen  that  the  Ini  Ident 

and  reflected  Jumps  cloee  to  the  sxIb  have  a  form  near  to  the  rectllln'rr  r. 
With  a  decrease  in  the  pressure  ?*■<  ?c<  Pp  there  occurs  a  reflection  of 
the  Incident  Jump  from  the  axis  of  symmetry  without  the  formation  of  the 
visible  central  Jump  and  the  zone  of  subsonic  flow  behind  it  (see  diagram  in 
Tig.  3.  where  AO  is  the  Incident  and  OB  the  reflected  Jump  In  density). 

Let  UE  Investigate  the  flow  in  the  case  of  such  a  reflection  of  the  In¬ 
cident  Jump  AO  in  the  region  around  the  point  of  reflection  0  on  the  axis. 

Let  us  make  use  of  the  polar  system  of  coordinates  R,  -y  with  the  pole  in 
the  point  of  reflection  0. 

Let  us  form  a  basic  system  of  equations  of  an  Ideal  gas  (l.l)-.a.l3) 
and  the  condition  of  adlabatlclty  to  the  coordinates  R,  y.  After  the 
conversion  from  this  system  we  obtain  the  following  equations: 


—  jsln 0 sin  (T  —  «)  -f  »inT[f^  %  -r  clg  (t  —  0)  pfi  ^ 

X  {sin-r  [j^  2^  sin*(T  — 0)— + clg(T  — 0)/f 


Jt 


dInV 

~dH 


50  ,  .  g.  If  —  1 

.TTi  'g(T-t)- 


21:  CO.’ 


_ £.  nZJllA. 

,»l7_o)  pi  «  "  an  ' 


‘gCf— ‘b’(t  — 0) 


(2.2) 


Outside  o-^  the  be.Eic  point  -.-l^h  H  =  0  In  the  field  between  the  incident 
aud  reflected  Jumps  In  density  the  change  In  the  gas  dynamic  parameters  ac- 
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cording  to  the  cooraiiwtee  B  and  y  proves  to  be  continuous.  The  brackets 

•in  the  denoBlnator  of  the  first  Beoher  ■ ' 

'  of  the  eciTiatlon  (2.3  )  enclose  a  quantitjr. 

I  ■  ■  ' 

equal  to  zero,  while  the  projection  of 
the  vector  of  velocity  in  the  direction 
of  Y  equal  to  the  velocity  of  sound. 
On  the  Incident  and  reflected  Jumps  in  density  if  one  considers  than  as 
rectilinear,  the  projection  of  the  vector  of  velocity  in  the  direction  of  ^ 
coincides  with  the  velocity  vector  normal  to  the  surface  of  the  Jump. 

The  normal  component  of  the  vector 
of  velocity  behind  the  incident  Jump  Is 
lese  than  the  velocity  of  sound,  and  in 
front  of  the  reflected  Jump  it  is  great¬ 
er  than  the  velocity  of  sound.  Conse¬ 
quently  the  square-bracket  quantity  of 


the  equation  (2.1)  is  negative  near  the 
incident  Jump,  positive  near  the  reflected  Jump,  and  equal  to  zero  somewhere 
between  them.  When  the  bracket  quantity  in  the  denominator  of  the  first  mem¬ 
ber  of  the  equation  (2.1)  is  equal  to  zero,  from  the  condition  of  the  contin¬ 
uity  of  flow,  also  the  numerator  should  be  equal  to  zero.  Trom  the  latter 
condition  it  follows  that  either  each  of  the  values  b0/dB  and  Blnp/dH  is 
the  t  Be  value  A  is  of  an  order  equal  or  greater  than  1, 

or  one  of  the  Indicated  products  is  of  the  order  of  1/B. 

In  all  these  cases  the  equation  (2.2)  shows  that  in  the  area  where  the 
bracket  quantity  in  the  denominator  of  the  first  member  of  the  equation  (2.1)  . 
is  equal  to  zero,  the  derivative  ilnV/OB  is  of  the  order  of  1/B.  Conse¬ 
quently  in  this  area  with  tlie  decrease  in  B  there  is  an  Increase  in  the  da- 
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rlTatlves  d  InT/dB  nml  dO/9B.  With  mall  raluea  of  H,  wheo  the  derlvatlTea 
dV/3B  and  bO/dB  ar»  Tory  sreat.  In  the  equation*  of  motion  It  1*  nece**ary 
to  tnlce  Into  contlderntlon  the  force*  of  rlecou*  flov.  Consequently,  In 
the  case  of  the  reflection  of  the  Jump  In  density  from  the  axle  without  the 
fonoatloa  of  a  central  Jump  In  density,  the  equations  of  an  Ideal  ^e  In  the 
region  of  B  =  0  are  not  walld. 

In  accordance  with  the  shadow  photographs  there  was  oeasured  the  angle  (O 
between  the  direction  of  the  Incident  Jonp  in  denelty  in  the  point  K  and  the 
axis  of  syametry  (Tigs.  1  and  3).  In  the  case  where  the  central  )t'Rp  la 
absent  the  angle  u>  was  neasared  on  the  axis  of  synmetry.  The  results  of  the 
Boueurenents  at  different  pressures  of  retardation  p^^f  referred  to  the  at- 
Bospherlc,  are  presented  in  Tig.  4,  where  by  a  little  circle  there  are  out¬ 
lined  the  computation  points  with  p^®  =  p^®,  Hach's  angles,  corresponding 
to  the  number  M  in  the  rhombue  of  uniform  relocitor. 

In  the  case  of  the  formation  of  a  central  Junp  in  density  there  were 
ocr.'D'ited  at  the  point  B  the  Baxlimm  and  Binlmum  angles  of  deTlatlon  (of  the  Tec- 
tor)  of  Telocity  behind  the  incident  Jump  in  density  6*Bax  ^•min 
and  the  angles  corresponding  to  then,  which  characterise 

the  direction  of  the  incident  Jumpt  from  the  condition  that  ^behind  the  re¬ 
flected  Jump  in  density  the  Telocity  is  equal  to  the  sonic  (the  Talues  which 
correB3>ond  to  the  Telocity  of  sound  are  marked  by  the  eubecript  *■)•  In  ac¬ 
cordance  with  the  experiment  it  was  considered  that  in  the  reflected  Jump  la 
denulty  the  angle  6  increases. 

The  Telocity  of  the  flow  behind  the  reflected  Jump  caui  be  subsonic  if 
the  intensity  of  the  incident  Jump  is  Tery  great  (6<rB*Bln  “d. C0> ojwBln) 
or  Tery  small  (8  0*Biax  and  fo  ><  <u,max)*  Thars  wsre  detsrmlned  also  the 
angle  of  dcTlation  of  the  rector  of  Telocity  behind  the  Incident  Jump  0^  and 
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the  angle  u>a_  correapondlng  to  It,  from  the  condition  that  behind  the  central 
Jimp  at  the  point  I  the  Tectoi*  of  eeloclty  le  parallel  to  the  axle  of  eyaaetry. 

I  In  Tig,  5  elth  k  =  l.h  ae  depende  on  ^ 
the  M  mmber  there  are  preeented  the  ▼al- 

®*Bax‘  ®*Bln*  ®d’  W,«a*»  t^*mln*  • 
and  the  limiting  angle  of  the  turn  of  the 

flow  in  the  oblique  Jump 

from  the  result a  of  the  confutation 
one  should  note  that  at  the  point  1!  be¬ 
fore  the  jujjros  In  density,  with  the  eal- 
uee  of  M  less  than  the  critical  TOlues  of  H*  (M*  =  2.4  for  k  =  1.4),  behind 
the  reflected  Jump  there  is  always  a  subsonic  flow.  Consequently,  with. the 
number  M<  the  scheme  of  the  computation  of  the  flow  considered  in  the 
foregoing  section  Is  not  accomplished.  In  Table  2  there  are  presented  the 

computed  TalueB(i>,j,„,o;,„ijj,  and 
and  the  experimental  Talues  for  the  cen¬ 
tral  JumpWrtt^*  with  pg®  =  p®*  for  the 
numbers  H  in  the  rhombus  of  the  uniform 

Let  us  note  that  with  large  values  of  M  equaling  2.8,  3>37  the 

angles  (l>,jnax>  with  the  number  K  equalling  2.67  where  o) .max 
a  small  range  of  pressures  of  retardation  (pg®  r  13.6-14,4)  the  angle  O)  is  less 
than  £U»max'  The  e^erlmental  angles  U)  presented  in  Tig.  4  in  the  presence 
of  a  central  Jxunp  for  all  the  tested  noszles  M  is  considerably  less  thanCJ^min. 

Consequently,  as  was  assumed  in  the  preceding  section,  in  the  tests 
behind  the  reflected  Jump  in  density  there  occurred  supersonic  flow,  with 
the  exception  of  a  little  range  of  pressures  of  retardation  at  N  =  2.67* 


Table  2 


M  1 

".max  1 

•*»min  1 

"a 

2.80 

25°00' 

1  52”30' 

M'OO- 

27‘’00' 

3.20 

21  00 

56  30 

36  30 

27  30 

2.67, 

27  30 

50  00 

38  30 

26  00 

3.37 

20  00 

58  00 

33  30 

2130 

Telocity  of  the  tested  oexsles. 


Tig.  5 
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Xb  this  WBjr  the  lacldcBt  Juap  In  dscsltj  1b  reflected  fron  the  axla  of 
sysmetry  at  little  Intensity  (tt>  l«»)  trltbout  the  fonaatlon  of  a  central  Jvwp 
and  at  great  Intensity  (W»Bin  >  fc»  U>* )  *rtth  the  fonoation  of  a  central  Junp 
and  supersoBlo  flow  (tt»>a)e»»x)  behind  the  reflected  Junp,  and  with  eery 
great  Intensity  (U)>-Ul.«ln)  with  the  fontatlon  of  a  central  Jxiiip  and  subsonic 
flow  behind  the  reflected  J\i«  near  the  point  K.  In  the  last  case  the  schetie 
of  computing  the  flow  considered  in  the  foregoing  section  is  not  accomplished. 
With  the  nunbers  H>  3  this  occurs  when  behind  the  incident  Jump  in  density 
the  angle  6  at  the  point  K  Is  close  to  the  lliil  5)« 

The  experimental  angles  6J*  are  Iban  Consequently,  with  small 

radii  of  the  central  Jump  the  angle  of  derlatlon  of  the  rector  of  reloclty 
behind  it  0j^>  0  and  the  currature  of  the  central  Jump  is  directed  to  the  side 
opposite  the  direction  of  the  flow.  Proportionally  as  the  intensity  of  the 
incident  Jump  Increases  the  radius  of  the  central  Jump  and  the  angle  de¬ 
crease,  and  with  ©1^0  the  currature  of  the  central  Jump  Is  already  direct¬ 
ed  In  the  direction  of  the  flow. 

Let  us  determine  the  maximum  ratio  of  the  preseures  pg  ^be  Incident 
Jump  on  the  axis  of  eymmetry  at  pc°  s  p®*  in  accordance  with  the  measured 
sire  of  the  angle  CO  =  d).  The  raluee  pa*  are  glren  in  Table  1. 

The  flow  in  the  region  of  reflection  from  the  axis  of  the  Incident  Jump 
in  density  Is  determined  by  the  whole  flow  up  to  the  Incident  Jump  and  the 
conditions  on  the  boundary  of  the  etream  behind  It.  In  thie  connection  It 
le  Interesting  to  note  that  the  raluee  p^*  for  the  nossles  with  a  uniform 
field  prore  to  be  noticeably  greater  than  pa*  of  the  nossels  with  nonunlform 
field  with  identical  numbere  of  N  in  the  rhombus  of  the  uniform  reloclty. 

In  accordance  with  experimental  raluee  there  were  computed  at  the  point 
E  the  angles  of  Inclination  to  the  axis  of  symetry  of  the  central  JumpCOj^ 
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and  of  the  rector  of  reioclty  h*hlnd  It  e^.  for  all  the  teeted  cacee  Wi 
change*  frb«  87  tO  90®,  and  Oj  from  0  to  i  6®.  Coneequently,  the  central 
IjtUBp'as  a  fora'cloee  to  the  rectilinear,  which  Is  quite  apparent  also  oh  the 
shadow  photographs. ■  "  We  approximate  the .foi*  of ' the  central  juap  hy  the 


polynomial : 


s  =  z  -}-  ar*  +  4-  cr* 


(2.3) 


The  coefficients  of  the  polynomial  we  will  express  hy  the  known  angles 
of  inclination  to  the  axis  of  the  central  Jump  at  the  points  K  and  P,  the 
radii  of  cujrvature  Eg  and  Ei,  and  the  condition  with  r  s  rj^^  *  r  0.  By 
considering  the  value  Xp  as  small,  *rlth  the  aid  of  the  equations  (1.5),  (1*8) 
(I.I3),  (1.14),  (I.I5),  and  (2.3)  it  is  possible  to  compute  the  value  Xp 
and  all  the  parameters  at  2  =  0  needed  for  the  beginning  of  the  Integration 
of  the  equation  (1.5) — (1.8).  In  this  way,  with  small  vedueE  of  Xp  where 

the  value  x.^  is  unilaterally  connected  with  the  value  rj  with  t  s  0  by  the 
equation  (2.3)  the  general  solution  of  the  problem  is  simplified— out  of  two. 
boundary  conditions  at  special  points  of  the  equations  (1.5  and  (1.6). one 
can  make  use  only  of  one  for  determining  the  position  of  the  point  K  on  the 
incident  Jump  in  density  (ri  at  x  =  0). 

Por  the  tested  cases  of  the  reflection  of  the  incident  jump  la  density 
there  were  computed  the  parameters  of  the  subsonic  flow  with  x  =  0.-  These 
computations  showed  that  the  gas-dynamic  parameters  change  very  little  (by 
1 — 2t)  in  accordance  with  r.  The  maximum  change  In  the  values  pu  which 
characterise  the  mass  discharge  amounted  to  .  TaJdag  into  conoldera,ii 

tion  this  fact ,  as  a  first  approximation  one  should  consider  the  subsonic 
flow  as  uniform  (number  of  lines  H  =  0).  In  this  case  instead  of  the  equa.* 


tions.  (1.5)  and  (1.6)  one  writes  a  single  equation  of  discharge 


»’)*=  const 


(2.4) 


The  subsonic  flow  Is  determined  In  this  case  by  a  system  of  equations 
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(1*7) »  (1.8),  HBd  (2.^).  Tlie  position  of  thi*  point  K  on  the  incident  Juap 
(rj^  with  s  r  0}  is  deternlned  hy  the  condition  in  the  crltlcnl  section  of 
the  unifora  flowt 


*1  a  0.  r  «  r. 


Entered  2-16-1962 
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